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1.0 SUMMARY 

The e l ec t rochemis t ry  of newly generated s u r f a c e s  of t i t an ium 

i n  a c i d  s o l u t i o n s  has  been reexamined because c a l c u l a t i o n s  w i t h  t h e  

e lec t rochemica l  mass- t ranspor t -k ine t ic  model f o r  SCC i n  t i t an ium 

have i n d i c a t e d  t h a t  a cons iderable  f r a c t i o n  of t h e  c u r r e n t  i n  a 

c rack  may be c a r r i e d  by Ti+3 i o n s .  

r o t a t i n g  d i s k  and r ing-disk e l e c t r o d e s  i n  which a t i t an ium d i s k  w a s  

sc raped  wi th  a sapph i re  c u t t e r  i n  6 M H C 1  confirmed t h a t  a l a r g e  

Experiments conducted wi th  

f r a c t i o n  of t h e  cu r ren t  t o  t h e  new s u r f a c e  can be accounted f o r  

by formation of T i  . The previous ly  obta ined  k i n e t i c  d a t a  

f o r  t i t an ium i n  HC1 was r e i n t e r p r e t e d  i n  t h e  l i g h t  of t h e  new 

f ind ing .  

some promise i n  f i t t i n g  t h e  k i n e t i c  d a t a  and f u r t h e r  experiments 

are underway t o  test  i t  q u a n t i t a t i v e l y .  It is  expected t h a t  

i nco rpora t ion  of t h e  k i n e t i c s  and t r a n s p o r t  equat ions  f o r  Ti+3 i n  

+3 

A pa tch  growth model f o r  t h e  pas s iva t ing  oxide l a y e r  shows 

t h e  MTK model w i l l  a l low h ighe r  p o t e n t i a l  drops i n  t h e  c rack  and thus  

remove t h e  only s e r i o u s  disagreement s o  f a r  w i t h  t h e  SCC d a t a .  



2.0 INTRODUCTION 

This  r e p o r t  desc r ibes  p a r t  of a s tudy  of stress co r ros ion  

cracking of t i t an ium a l l o y s  i n i t i a t e d  i n  J u l y ,  1965 (1) and continued 

under NASA sponsorsh ip  beginning J u l y ,  1966 ( 2 ) .  This  i s  t h e  n i n t h  

Quar te r ly  Report i n  t h e  series (3 ,  4 ,  5, 6 ,  7 ,  8 ,  9 ,  10) and covers  

t h e  pe r iod  J u l y  1- through September 30, 1968. 

Work w a s  cont inued i n  two areas i n  t h i s  p a r t  q u a r t e r :  a s tudy  

of s t e a d y - s t a t e  c rack  propagat ion w i t h  an  aluminum: 2.5% Mg - 6% Zn 

a l l o y  under p o t e n t i o s t a t i c  cond i t ions  i n  h a l i d e  s o l u t i o n s ,  and a 

reexaminat ion of k i n e t i c s  of ox ida t ion  of f r e s h l y  generated t i t an ium 

m e t a l  s u r f a c e s .  The k i n e t i c  d a t a  and i n t e r p r e t a t i o n s  w i l l  be  

d iscussed  i n  t h i s  r e p o r t .  Work on SCC of aluminum w i l l  be  

summarized i n  t h e  next  Quar t e r ly  Report .  
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3.0 TECHNICAL DISCUSSION 

It w a s  decided t o  reexamine t h e  e l ec t rochemis t ry  of f r e s h l y  

generated t i t a n i u m  s u r f a c e s  because of t h e  apparent  requirement f o r  

formation of s o l u b l e  t i t an ium s p e c i e s .  F i r s t l y ,  t h e  mass-transport-  

k i n e t i c  (MTK) model w a s  found t o  be  incapable  of producing a p o t e n t i a l  

drop i n  a c rack  comparable t o  experiment assuming a l l  of t h e  c u r r e n t  

t o  t h e  w a l l s  of t h e  c rack  forms oxide and hydrogen i o n  (LO). 

hydrogen ion  formed i s  i n  too  l a r g e  a concen t r a t ion  and too  

conduct ive t o  produce a s u f f i c i e n t  p o t e n t i a l  drop. Secondly, t h e  

t r a n s i e n t  p o t e n t i a l  a t  i n t e r r u p t i o n  of c u r r e n t  t o  a propagat ing 

c rack  (7) suggested t h e  presence  of a Ti+3/Ti+4 redox couple  i n  t h e  

crack.  

The 

The o b j e c t i v e  of reexamination of t h e  e l ec t rochemis t ry  w a s  t o  

o b t a i n  a q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  k i n e t i c s  t h a t  is  adequate  

f o r  u se  i n  t h e  MTK model. It is d e s i r a b l e  t o  o b t a i n  a fundamental 

understanding of t h e  phenomena, a l though l a c k i n g  t h i s ,  an empi r i ca l  

d e s c r i p t i o n  might s a t i s f y  t h e  MTK model. 

Two approaches were used : 

1. sc rap ing  a t i t a n i u m  d i s k  and measuring t h e  s o l u b l e  t i t an ium 

s p e c i e s  c o l o r i m e t r i c a l l y  o r  by a redox r e a c t i o n  on a gold r i n g ,  and 

an examination of t h e  p r i o r  k i n e t i c  d a t a  f o r  " f ine  s t r u c t u r e "  i n  

view of t h e  l a r g e  f r a c t i o n  of s o l u b l e  s p e c i e s  found i n  t h e  

f irst  approach. 

2. 
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3.1 Theory 

Before desc r ib ing  t h e  experimental  techniques and r e s u l t s  

a review of t h e  thermodynamics of t h e  t i tanium-water system and 

of some b a s i c  equat ions  of e l ec t rochemica l  k i n e t i c s  i s  i n  o rde r .  

3.1.1 Thermodynamics 

The p o t e n t i a l  - pH diagram f o r  t h e  t i tanium-water system i s  

reproduced from Pourbaix (11) i n  Fig. 1. The diagram g i v e s  t h e  

f i e l d s  of s t a b i l i t y  f o r  t h e  varbus s p e c i e s  under equi l ibr ium 

cond i t ions .  

According t o  a r e c e n t  communication by Pourbaix (12) t h e  follow- 

ing  hydr ide  e q u i l i b r i a  must a l s o  be considered (us ing  h i s  numbering 

system) : 

e 25. 2TiH2 + 3H20 = Ti203 + lOH+ + 10e E = - 0.834 - 0.059 pH 

-!+ 26. T iH2  = Ti* + 2H+ + 4e Ee = - 0.923 - 0.029 pH + 0.0147 log (T i  ) 

By t h e s e  r e a c t i o n s ,  T i H  is  t h e  s t a b l e  phase i n  con tac t  w i th  water 

r a t h e r  than  t i t an ium and Fig .  1 should b e  modified accordingly.  

2 

A f u r t h e r  change i n  t h e  diagram is requ i r ed  i f  t h e  d a t a  and 

a n a l y s i s  of Oliver and Ross (13) 

f o r  t h e  Ti+3 - T i  

L a t i m e r  (14) and by Pourbaix (11) .  Such a nega t ive  p o t e n t i a l  f o r  t h i s  

couple  would r e q u i r e  t h a t  t i t an ium be oxid ized  d i r e c t l y  t o  T i  : 

* 
are c o r r e c t  t h a t  t h e  s tandard  p o t e n t i a l  

+2 couple  i s  a - 2 . 3 ~  r a t h e r  than - 0 . 3 7 ~  as used by 

+3 

* 
My thanks t o  D r .  Ken Nobe of UCLA f o r  p o i n t i n g  ou t  t h i s  paper .  
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Fig. 1 Potential-pH equilibrium diagram for the system titanium- 
water, at 25°C. [Figure established by considering, as 
derivatives of tri- and tetravalent titanium, the anhydrous 
oxides Ti 0 and Ti02 (rutile) .] (Ref. 11) 2 3  
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E = - 1.21 
0 

27. T i  -f Ti+3 + 3e 

The s tandard  p o t e n t i a l  f o r  t h i s  r e a c t i o n  w a s  based on A G O  = 83.6 k cal  

f o r  Ti+3 i o n  (14) .  

28. Ti+3 + H20 + e 

The e f f e c t  of t h e s e  

The phase boundary between Ti+3 and T i0  is  then  

+- Ti0  + 2H Ee = - 1.02 + 0.118 pH + 

changes on t h e  p o t e n t i a l  - pH diagram i s  i l l u s -  

t r a t e d  i n  F igs .  2 and 3 based on t h e  anhydrous and hydrated oxides  

r e s p e c t i v e l y  . 
The diagram cons ider ing  both t h e  hydr ide  and t h e  absence of 

phase is shown i n  F ig .  4 .  The phase boundary Ti+3/TiHz 
+2 t h e  T i  

is given by: 

29. T i H 2  +- Ti+3 + 2H' + 5e Ee = - 0.81 - 0.024 pH 

based on t h e  f r e e  energy of formation of T i H  

and equa t ion  27. 

used by Pourbaix (12) 2 

It should b e  emphasized t h a t  t h e  phase boundaries  presented  i n  

t h e  foregoing  f i g u r e s  are f o r  phases i n  thermodynamic equi l ibr ium.  I n  

a real system under nonequi l ibr ium cond i t ions  (as t h e  f r e s h l y  gen- 

e r a t e d  t i t an ium s u r f a c e s )  me tas t ab le  phases  may form w i t h i n  t h e  

phase f i e l d s  of t h e  s t a b l e  spec ie s .  These me tas t ab le  phases  may, form 

when t h e  k i n e t i c s  f o r  t h e i r  formation i s  favorab le  b u t  t h e  k i n e t i c s  

f o r  t h e i r  r e a c t i o n  t o  t h e  s t a b l e  phase i n  t h a t  f i e l d  is  slow. An 

example of such a me tas t ab le  phase f i e l d  boundary 

considered i n  t h e  ox ida t ion  of f r e s h l y  genera ted  t i t an ium s u r f a c e s  is: 

t h a t  w i l l  be  
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-2 0 2 6 8 10 12 14 16 

- - -  . ._ - -. 

Fig. 2 Potent ia l -pH equi l ibr ium diagram f o r  t h e  system t i tanium- 
water, a t  25OC. [F igure  e s t a b l i s h e d  by cons ider ing ,  as . 
d e r i v a t i v e s  of tri- and t e t r a v a l e n t  t i t an ium,  t h e  anhydrous 
oxides  T i  0 and Ti02 ( r u t i l e ) . ]  (Modified re T i  +3 ) 

2 3  
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Fig. 3 Potential-pH equilibrium diagram for the system titanium- 
water, at 25OC. [Figure established considering, as 
derivatives of tri- and tetravalent titanium, the hydroxide 
Ti(0H) and the hydrated oxide TiOZ . H 2 0 .  1 (Modified re Ti+3) 3 
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Fig. 4 Potential-pH equilibrium diagram for the system titanium- 
water, at 25°C. [Figure established by considering, as 
derivatives of tri- and tetravalent titanium, the anhydrous 
oxides Ti 0 and Ti02 (rutile) .] (Modified re TiH and Ti+’> 2 3  2 
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Ee = - 0.98 - 0.059 pH 
+ 30. T i  + 2H,O + Ti02 + 4H + 4e 

L. 

based on A G O  = 

i n d i c a t e d  as t h e  

system of Fig. 4 

31. T iH2  + 2H 0 2 

- 203.8 Kcal f o r  Ti0 from L a t i m e r  (14) .  This  is 

heavy dashed l i n e  i n  F igs .  2 and 3 .  

2 

I n  t h e  hydride 

t h e  corresponding boundary is :  

0.73 - 0.059 pH e 
+ Ti02 + 6H' + 6e E = -  

It is  necessary  t o  cons ider  such r e a c t i o n s  as 30 and 31 because 

t i t an ium i s  t o  a l a r g e  e x t e n t  pas s iva t ed  even i n  concent ra ted  H C 1  

s o l u t i o n s .  

An example of t h e  s o r t  of p o t e n t i a l  - pH pa th  expected i n  a crack 

based on t h e  MTK model (6) i s  shown i n  Fig.  5. The t i p  w i l l  tend 

t o  go t o  t h e  mixed p o t e n t i a l  f o r  ox ida t ion  of t i t an ium (React ions 27  

and 30) and hydrogen i o n  r educ t ion  i n  a c i d  s o l u t i o n .  The a c i d  

concen t r a t ion  a t  f i r s t  i n c r e a s e s  downstream from t h e  t i p  and then  

decreases  t o  pH = 7 a t  t h e  mouth of t he  c rack  i n  n e u t r a l  s o l u t i o n .  

P o t e n t i a l s  app l i ed  a t  t h e  mouth of t h e  c rack  i n  t h e  range of t h e  l i n e a r  

v e l o c i t y  r e l a t i o n s h i p  vary from about -0.6 t o  + 1 .2  V (SHE) (6) .  

The example p a t h  traverses t h e  domains where t h e  fol lowing 

s p e c i e s  are s t a b l e  o r  metas tab le :  

Ti+3, Ti02, H2, TiH2  

T i203  o r  T i (OH)3  

ft T i 0 2  and Ti0  
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Fig.  5 Potential-pH path in stress corrosion crack 
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I n  o rde r  t o  make t h e  a n a l y s i s  of t h e  k i n e t i c  d a t a  p o s s i b l e ,  t h e  only 

oxid ized  s p e c i e s  t h a t  w i l l  be  considered are Ti+3 i n  s o l u t i o n  and T i0  

f i l m  on t h e  metal s u r f a c e  ( the  Ti+3/TiO* couple is  considered under 

s p e c i a l  c i rcumstances) .  The c u r r e n t  f o r  t h e  reduced species, H2 and 

T i H  

d e f i n i t i v e  way of s e p a r a t i n g  them y e t .  

2 

w i l l  f o r  t h e  most p a r t  have t o  be lumped because t h e r e  is  no 2 

3.1.2 K i n e t i c s  

The u s e  of T a f e l  k i n e t i c s  f o r  hydrogen ion  r educ t ion  and growth 

of t h e  f i r s t  monolayer of ox ide  and h igh  f i e l d  k i n e t i c s  f o r  growth 

of m u l t i l a y e r s  of oxide i n  t h e  MTK model has  been d iscussed  ( 4 ) .  A 

p o i n t  t h a t  r e q u i r e s  f u r t h e r  e l a b o r a t i o n  ( appropr i a t e  t o  t h e  more 

r e c e n t  reexaminat ion of t h e  k i n e t i c  d a t a )  i s  t h e  growth of t h e  

i n i t i a l  ox ide  l a y e r .  

I n  t h e  MTK model i t  w a s  assumed t h a t  t h e  f i r s t  monolayer of 

oxide could grow randomly on t h e  s u r f a c e  s o  t h a t  coverage 

id.r d e =  - 
QO 

and 

l ead ing  a t  cons t an t  p o t e n t i a l  t o  

(3.1 - 1) 

(3.1 - 2) 

(3.1 - 3) 
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and 

i = i l  exp ( - T / T ~ )  ( 3 . 1  - 4 )  

, T I  = Q o / i l  , i = cur ren t  d e n s i t y ,  
an Fq 

where il = i 0 exp (7) 
i = exchange c u r r e n t  d e n s i t y ,  T = t i m e ,  

monolayer, and t h e  q u a n t i t i e s  i n  t h e  exponen t i a l  term.have t h e  usua l  

s i g n i f i c a n c e .  

Qo = charge d e n s i t y  of a 
0 

Another mode of f i l m  growth, t r e a t e d  by Vermilyea (15) ,  is 

p e r i p h e r a l  growth of pa tches  of oxide a t  a cons tan t  c u r r e n t  d e n s i t y ,  

i 2 ,  on t h e i r  p e r i p h e r i e s .  Treatment of t h i s  case l e a d s  t o :  

126, 2 

QO 

e = 1- e i p  [-nr (-) 
T2] 

(3.1 - 5) 

and 

( 3 . 1  - 6) 2mnr i 5 2 T 
2 m  i =  

QO QO 

where m = number of monolayers i n  a pa tch ,  n = number of pa tches  

p e r  em2 and 6 = t h i c k n e s s  of a monolayer i n  cm. m 

The k i n e t i c  d a t a  f o r  hydrogen i o n  r educ t ion  on and ox ida t ion  of 

new t i t an ium s u r f a c e s  w i l l  be  reviewed w i t h  r e spec t  t o  t h e s e  two 

modes of f i l m  growth. 
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3.2 Rota t ing  Disk and Ring-Disk Experiments 

Two sets of experiments were conducted f o r  t he  purpose of 

determining i f  s o l u b l e  Ti+3 is  formed i n  p a r a l l e l  wi th  formation 

of ox ide  on new t i t an ium s u r f a c e  i n  ac id  s o l u t i o n .  The f i r s t  

w a s  wi th  a r o t a t i n g  t i t an ium d i s k  t h a t  w a s  scraped w i t h  a sapph i re  

c u t t i n g  t o o l  and t h e  s o l u b l e  t i t an ium w a s  determined c o l o r i m e t r i c a l l y  

using t h e  hydrogen peroxide method (16) .  

experiments a t i t an ium d i s k  was scraped w i t h  a sapph i re  c u t t e r  and 

s o l u b l e  Ti+3 formed w a s  determined by o x i d a t i o n  t o  Ti0  

gold r ing .  

I n  t h e  second set of 

+2 
a t  a 

3.2.1 Rota t ing  Disk Experiments 

The geometry of t h e  r o t a t i n g  d i s k  experiments  i s  i l l u s t r a t e d  

i n  Fig.  6. The iod ide- t i tan ium rod ( A . D .  Mackay, New York) w a s  

bored out  s o  t h a t  t h e  area of t h e  scraped  f a c e  would n o t  change 

as t i t an ium w a s  removed. A minimum volume of e l e c t r o l y t e  

(-2owLe) w a s  used s o  t h a t  a measurable concen t r a t ion  could be  

b u i l t  up w i t h  a reasonable  amount of s c rap ing  on t h e  t i t an ium.  The 

t a b l e  holding t h e  c e l l  and c u t t e r  w a s  equipped wi th  a motor d r i v e  

for advancing t h e  c u t t e r  i n t o  t h e  r o t a t i n g  t i t an ium tube.  The 

t i t a n i u m  tube  w a s  p o t e n t i o s t a t e d  during t h e  runs .  

Soluble  t i t an ium w a s  determined b y . t h e  hydrogen peroxide method 

descr ibed  i n  Kolthoff  and Elving (16) us ing  a Cary Model-14 Recording 

Spectrophotometer.  A c a l i b r a t i o n  curve w a s  made according t o  t h e  

method of r e fe rence  16 us ing  Bakers reagent  g rade  T i0  as s tandard .  2 
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Fig. 6 Scraped titanium disk  experiment 

E 

Base 
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I n  t h e  de te rmina t ions ,  t h e  s o l u b l e  Ti+3 is  oxid ized  t o  

hydrogen peroxide  t o  form a yel low colored  complex wi th  t h e  excess  

by t h e  

of hydrogen 

A t  t h e  

of t h e  c e l l  

. .  peroxide.  

completion of a run  t h e  e l e c t r o l y t e  w a s  poured out  

i n t o  a graduated c y l i n d e r  and 3 c m 3  of 3% H202 w a s  added 

and t h e  t o t a l  volume recorded.  A p o r t i o n  of t h i s  s o l u t i o n  was 

examined i n  t h e  spectraphotometer .  It w a s  necessary  t o  t r a n s f e r  

t h e  s o l u t i o n  out  of t h e  c e l l  r a p i d l y  a f t e r  t h e  run  because t h e  metal 

c u t t i n g s  appeared t o  cont inue  t o  react as evidenced by v i s i b l e  

hydrogen evo lu t ion .  Whether t h e  c u t t i n g s  were more a c t i v e  due t o  

t h e  l a r g e  amount of co ld  working o r  whether t h e  r e a c t i v i t y  w a s  due 

t o  t h e  g r e a t l y  inc reased  s u r f a c e  i s  no t  known. The s o l u t i o n  w a s  

+3 a l i g h t  v i o l e t  c o l o r  a t  t h e  end of a run,  i n d i c a t i v e  of T i  . 
Data f o r  t h e  runs  are g iven  i n  Table  I. Af te r  t h e  f i r s t  run 

t h e  s a m e  t i m e  w a s  used f o r  each i n  an  e f f o r t  t o  make t h e  amount of 

d i s s o l u t i o n  of c u t t i n g s  uniform. The weight  of m e t a l  t h a t  would be  

d i s so lved  i f  a l l  of t h e  charge passed w a s  used t o  produce.Ti+3 is 

ind ica t ed  as W i n  Table I. The weight of m e t a l  i n  s o l u t i o n  

corresponding t o  t h e  spec t rophotometr ic  a n a l y s i s  i s  i n d i c a t e d  as W It 2 '  

may be noted i n  a l l  cases t h a t  t h e  m e t a l  pickup w a s  g r e a t e r  than  can 

be accounted f o r  'by e l ec t rochemica l  d i s s o l u t i o n  of t h e  new s u r f a c e ,  

i n d i c a t i n g  cons iderable  c o n t r i b u t i o n  from d i s s o l u t i o n  of t h e  c u t t i n g s .  

B 

1 



1 6  

Run - 1 2 3 4 5 

P o t e n t i a l  (mv) 0 0 +loo0 O.C. -850 
(-800t0-880) 

T i m e  ( s e c ) 64 124 124 12 5 125 

Avg . Current (ma) 4.08 4.05 5.64 0 Cathodic 

- Q (amp see) 0.261 0.502 0.700 0 

0.43 0.83 1.16 - - 4 w1 (gm x 40 1 
Soln. v o l .  (cm3) 20.0 23.0 19.5 16 .8  20.3 

ppm T i  10. 11.4 11.1 6.3 9.0 

2.0 2.62 2.17 1.06 1.83 

1.57 1.79 1.01 1.06 1.83 

+4 

4 w2 (gm x 10 1 

Ra t io  W1: W2 0.274 0.316 0.535 0 0 

4 W2-W1 (gm x 10 ) 

Table 1 Data f o r  Scraped T i  Disk Experiments (-1000 RPM) 
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The d a t a  on d i s s o l u t i o n  of t i t an ium are p l o t t e d  i n  Fig.  7.  

Although t h e r e  is  a cons iderable  amount of scat ter ,  t h e  d a t a  can 

be i n t e r p r e t e d  as shown as a l i n e a r  i n c r e a s e  i n  t i t an ium d i s s o l u t i o n  

wi th  inc reased  anodic  p o t e n t i a l  and a cons tan t  background due t o  

d i s s o l u t i o n  of t h e  c u t t i n g s .  The r a t i o ,  W /W p l o t t e d  i n  t h e  1 2 '  

upper p a r t  of Fig.  7 shows somewhat less scatter.  The dashed 

curve is  based on t h e  two l i n e s  i n  t h e  lower p a r t  of t h e  f i g u r e ;  

(3.2 - 1) - w1 - - (E+850) 1 - 
W,+l. 4 (E+850) (=)+ 0.8 1 . 4  

It w a s  concluded from t h e s e  experiments t h a t  a l a r g e  f r a c t i o n  of 

t h e  c u r r e n t  t o  a new t i t a n i p  s u r f a c e  goes t o  form s o l u b l e  Ti+3 i n  

a c i d  s o l u t i o n  b u t  t h a t  more s e n s i t i v e  experiments would have t o  b e  

devised t o  separate t h e  component of c u r r e n t  going t o  oxide  formation. 

Before desc r ib ing  t h e  r ing-d isk  experiments a b r i e f  a n a l y s i s  

of t h e  c u r r e n t  i n  t h e  scrap ing  experiments w i l l  be  given.  The 

measured c u r r e n t  ve r sus  p o t e n t i a l  from Table  I i s  p l o t t e d  i n  Fig.  8. 

The l i n e  drawn through t h e  d a t a  w a s  v e r i f i e d  i n  independent 

experiments by vary ing  t h e  p o t e n t i a l  a t  t h e  same cons tan t  advance rate 

on t h e  c u t t e r .  

which is  about s i x  t i m e s  l a r g e r  than t h e  va lue  c a l c u l a t e d  from 

k i n e t i c s  d a t a  f o r  ox ida t ion  of new t i t an ium s u r f a c e  i n  12 M and 3 M HC1.  

The c a l c u l a t e d  cu r ren t  w a s  ob ta ined  from 

The s l o p e  of  t h e  l i n e  g i v e s  a r e s i s t a n c e  of 270 ohms 
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Fig. 7 Scraped T i  d i s k  experiments i n  6M HC1 a t  -1000 R P M  - 
weight of Titanium i n  s o l u t i o n  
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Fig. 8 Current - P o t e n t i a l  curve f o r  scraped Titanium 
disk  experiment i n  6M H C 1  a t  -1000 RE'M 
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- 
I =  

where A = scraped  area of 

(0.060 sec f o r  1000 WM), 

A tr i d-r 

T r 
( 3 . 2  -2) 

d i s k  (0.16 cm2)  , T~ = t i m e  between c u t s .  

and idT i s  t h e  i n t e g r a l  of t h e  cu r ren t  

d e n s i t y  ve r sus  t i m e  d a t a  from t h e  k i n e t i c s  experiments.  Fur ther  

a n a l y s i s  and experiments showed t h a t  t h e  c u r r e n t  i n  t h e  scrap ing  

experiments w a s  low because t h e  depth of c u t  w a s  s m a l l  compared t o  

t h e  r ad ius  of t h e  c u t t i n g  edge, r e s u l t i n g  i n  a s t i c k - s l i p  condi t ion .  

The e f f e c t  of t o o l  advance rate on c u r r e n t  i s  shown i n  Fig.  9 .  

The cu r ren t  appears  t o  become asymptot ic  t o  a l i m i t i n g  va lue  a t  t h e  

h ighe r  advance rates, where t h e  depth of c u t  approached a micron 

a t  a speed of 1000 WM. There w a s  s t i l l  a cons iderable  amount of 

s t i c k - s l i p  even a t  t h e  h ighe r  advance rates as evidenced by t o o l  

c h a t t e r .  This  i s  no t  s u r p r i s i n g  i n  view of t h e  r a d i u s  of t h e  c u t t i n g  

edge of t h e  t o o l  being on t h e  o rde r  of cm and an average depth 

of c u t  being less than  10 cm. The d a t a  i n  Table 1 w e r e  ob ta ined  

wi th  an  average advance rate of 2 mils/min. s o  t h e  low c u r r e n t  i s  i n  

l a r g e  p a r t  due t o  spo rad ic  c u t t i n g  a s s o c i a t e d  wi th  t h e  s t i c k - s l i p  

phenomenon. This  w a s  a l s o  r e f l e c t e d  i n  t h e  very  erratic c u r r e n t  

dur ing  t h e  runs.  

-4  
7 

A t  a g iven  advance rate t h e  c u r r e n t  i nc reased  wi th  r o t a t i o n a l  

speed as shown i n  Fig.  9. 

IC and its i n f l u e n c e  on as ind ica t ed  by equat ion  3 . 2  - 2 .  Equat ion 

3 .2  - 2 may be  r e w r i t t e n  t o  g i v e  

This  is  t h e  r e s u l t  of t h e  decrease  i n  

r 
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Fig. 9 Effect of too l  advance r a t e  on current , 
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60 [&I (3.2 - 3) 

where 

Q = 5 '  i d-c . It t u r n s  ou t  t h a t  i n  t h e  k i n e t i c s  experiments t h e  

c u r r e n t  became n e g l i g i b l e  a f t e r  about 15 mi l l i s econds  and t h e  va lue  

f = f r a c t i o n  of new m e t a l  s u r f a c e  c r e a t e d  p e r  r evo lu t ion  and 
'c 

0 

of Q became e s s e n t i a l l y  cons t an t .  Values of Q found i n  1 2  M 

and 3 M H C 1  a t  a p o t e n t i a l  of 0 m v  SCE were 7.6 x lom3 coul/cm2 

and 6.0 x lom3 coul/cm2 re spec t ive ly .  

coul/cm2 

-3 An average va lue  of 6.8 x LO 

w i l l  be  assumed f o r  t h e  6 M H C 1  i n  t h e  sc rap ing  experiments.  

The va lue  of T i s  20 mi l l i s econds  a t  3000 RPM t o  150 mi l l i s econds  

a t  400 RPM s o  use  of a cons tan t  va lue  of 

r 

Q appears  j u s t i f i e d  i n  

equat ion  3.2 - 3. The va lue  of f va r i ed  from 0.19 f o r  t h e  run a t  

a 2 mil/min advance rate and 1000 RPM ( t y p i c a l  of cond i t ions  i n  

Table I and Fig.  7) t o  1 .03  f o r  t h e  run w i t h  a 27  mil/min advance 

rate and 400 RPM. 

removal p e r  cu t  of 1 . 7  microns depth.  

The lat ter va lue  i n d i c a t e s  complete oxide 

3.2.2 Ring Disk Experiments 

The des ign  of t h e  Ring-Disk e l e c t r o d e  i s  shown i n  F ig .  10. 

The gold r i n g  and t i t an ium rod of which t h e  exposed end formed 

t h e  d i s k  were mounted i n  a Tef lon  body i n  t u r n  f a s t ened  t o  t h e  

r o t a t i n g  s h a f t  through a screw f i t t i n g .  The d i s k  material w a s  

i o d i d e  t i t an ium as i n  t h e  scraped d i s k  experiments and t h e  r i n g  w a s  

gold of 99.9% p u r i t y .  Leads from t h e  d i s k  and r i n g  were connected 
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rl = 0.25 cm 
rZ = 0.30 cm 

r3 = 0.45 cm 
rO = 2.0 cm 

Fig. 10 Design of r ing-d isk  e l e c t r o d e  
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through a Hut t inger  Baldwin Messtechnik SK-6 s l i p - r i n g  assembly t o  

t h e  e x t e r n a l  c i r c u i t  ( fou r  s l i p  r i n g s  connected t o  t h e  d i s k  and two 

s l i p  r i n g s  connected t o  t h e  r i n g ) .  

The e l e c t r o d e  w a s  opera ted  i n  a square  P l e x i g l a s  c e l l  w i t h  

i n t e r n a l  dimensions S = 10  c m  and H = 8 cm,  f i l l e d  t o  6 c m ,  w i th  

e l e c t r o l y t e .  The d i s k  w a s  p o t e n t i o s t a t e d ,  t h e  s a t u r a t e d  calomel 

r e fe rence  e l e c t r o d e  a t  t h e  edge of t h e  Tef lon  body and t h e  plat inum 

counter  e l e c t r o d e  a t  t h e  s i d e  of t h e  c e l l  as ind ica t ed  i n  Fig.  11. 

A s i lver  s h e e t  anodized i n  c h l o r i d e  s o l u t i o n  wi th  3 1 1 2  c m  by 18 cm 

immersed area (pe r  s i d e )  w a s  used as t h e  r e f e r e n c e  and counter  

e l e c t r o d e  f o r  t h e  gold r i n g .  A b i a s  v o l t a g e  w a s  app l i ed  t o  t h e  gold 

r i n g  wi th  a 100 ohm potent iometer  ac ross  two mercury ce l l s ,  and a 

10 ohm shunt  w a s  used f o r  measuring c u r r e n t .  The d i s k  w a s  scraped 

by a s a p p h i r e  c u t t e r  mounted on a t i t an ium ho lde r  a t t ached  t o  t h e  

bottom of t h e  ce l l .  

Before t h e  scrap ing  experiment could be i n t e r p r e t e d  a number 

of pre l iminary  experiments and c a l i b r a t i o n s  had t o  be made. These 

inc luded  measurement of p o l a r i z a t i o n  curves  f o r  ox ida t ion  of Ti+3 on 

gold,  de te rmina t ion  of t h e  r i n g  e f f i c i e n c y  f o r  r educ t ion  of i od ine  

and ox ida t ion  of Ti+3 genera ted  a t  t h e  d i s k ,  de te rmina t ion  of r i n g  

c u r r e n t  f o r  hydrogen generated a t  t h e  d i s k ,  s tudy  of r i n g  t r a n s i e n t s  

and t h e  e f f e c t  of t h e  s c r a p e r  o r  r i n g  c u r r e n t .  

+2 The i r r e v e r s i b i l i t y  of t h e  T i + 3 / T i 0  couple  i n  polarography o n ,  

a mercury s u r f a c e  i s  w e l l  known (17).  A s i m i l a r  i r r e v e r s i b i l i t y  has  
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To 
Strip 
Char t  

and Counter Electrode 

. . .  

Holder 

R1 = 1 O O D  

R2 = 1 O D  

Fig. 11 Physical arrangement of  c e l l  and e l ec t r i ca l  c i rcu i t s  
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been observed i n  t h e  p re sen t  work on gold and plat inum e l e c t r o d e s .  

The couple is s o  i r r e v e r s i b l e  t h a t  no ox ida t ion  c u r r e n t  w a s  

measured wi th  a 0 .1  M T i C l  

of hydrogen and oxygen evo lu t ion .  

of t h e  couple  given by L a t i m e r  (14) i s  about  + 0 . 1  V (SHE, 

Stockholm convention) o r  about - 140 mv vs .  SCE. 

s o l u t i o n  between t h e  p o t e n t i a l s  3 

The s tandard  r e v e r s i b l e  p o t e n t i a l  

I n  agreement wi th  t h e  polarographic  work (17) ,  an  ox ida t ion  

3 c u r r e n t  w a s  found w i t h  a gold e l e c t r o d e  i n  a s o l u t i o n  of 0 . 1  M T i C l  

i n . 6  M H C 1  as i n d i c a t e d  i n  Fig.  1 2 .  (Curve A i s  f o r  6 M H C 1  and t h e  

anodic  c u r r e n t  a t  -+700 mv i s  d i s s o l u t i o n  of gold.  According t o  

L a t i m e r  (14) t h e  s tandard  p o t e n t i a l  f o r  formation of t h e  AuC1- 4 

i s  + 1.0 v o l t  (SHE) o r  + 760 mv SCE. The equi l ibr ium p o t e n t i a l  should 

be  approximately 60 mv less p o s i t i v e  i n  6 M HC1. The ca thod ic  c u r r e n t  

a t  -200 m v  is f o r  hydrogen evo lu t ion . )  

is  f o r  ox ida t ion  of Ti+3. 

becomes l i m i t e d  by d i f f u s i o n  as evidenced by a cons iderable  inc rease  i n  

c u r r e n t  when t h e  e l e c t r o l y t e  i s  s t i r r e d .  The s t e a d y - s t a t e  l i m i t i n g  

c u r r e n t  d e n s i t y  i s  -0.5 x 10 amp/2.5 cm2 = 2 x 10 amp/cm2 (but  

complex 

The anodic  p a r t  of curve B 

A t  a p o t e n t i a l  above + 250 mv t h e  c u r r e n t  

-3 -4 

amp/cm2 i n  a later experiment) compared t o  a c a l c u l a t e d  va lue  of 

2 x amp/cm2 f o r  a d i f f u s i v i t y  of cm2/sec and a d i f f u s i o n  

l a y e r  t h i ckness  of 5 x 10 cm f o r  a one-electron r e a c t i o n .  The 

r e v e r s i b l e  p o t e n t i a l  f o r  t h e  Ti+3/TiO+2 couple  appears  t o  b e  between 

-2 

-50 and -130 m v  i n  approximate agreement wi th  t h e  va lue  from 

L a t i m e r  (14) b u t  t h e  va lue  is  inf luenced  t o  some e x t e n t  by hydrogen 
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Fig. 12 P o l a r i z a t i o n  curve of gold e l e c t r o d e  i n  6M HC1 and 
6M H C 1  + 0.1 M TiCl (sweep sp,eed 624 mv/min.) 3 
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evolu t ion .  I n  s p i t e  of t h e  high concent ra t ion  of H C 1  t h e r e  s t i l l  

e x i s t s  a h igh  degree  of i r r e v e r s i b i l i t y  f o r  ox ida t ion  of Ti+3 as 

evidenced by t h e  slow rise i n  c u r r e n t  w i th  p o t e n t i a l  up t o  250 m v .  

The e f f i c i e n c y  of t h e  r i n g  f o r  ox ida t ion  of Ti+3 produced a t  

t h e  d i s k  w a s  determined by reducing TiO+2 from s o l u t i o n  on t h e  

d i s k  and r eox id iz ing  t h e  Ti+3 a t  t h e  r i n g .  

approximately 0 .4  M TiO+2 i n  6 M H C 1 ,  produced by d i s s o l v i n g  Bakers 

The e l e c t r o l y t e  w a s  

. reagent  grade  T i C l  i n  concent ra ted  H C 1  and d i l u t i n g  t o  6M. The 4 

t i t an ium d i s k  w a s  a t  -250 mv (SCE) f o r  r educ t ion  of TiO+2 and t h e  

gold r i n g  p o t e n t i a l  w a s  v a r i e d  from +lo0 t o  +800 mv ve r sus  t h e  

Ag/AgCl e l e c t r o d e  (Ag/AgCl e l e c t r o d e  w a s  -118 mv t o  SCE i n  6M H C 1 ) .  

Hydrogen overvol tage  i s  g r e a t e r  on t i t an ium than  on gold s o  

e s s e n t i a l l y  a l l  of t h e  c u r r e n t  t o  t h e  d i s k  a t  -250 m v  went t o  

r educ t ion  of T i 0  . +I- 

Eff i c i ency  of Ti" ox ida t ion  ve r sus  p o t e n t i a l  a t  t h e  r i n g  i s  

g iven  i n  Table  2 and p l o t t e d  i n  Fig.  13 f o r  a r o t a t i o n a l  v e l o c i t y  of 

400 RPM. E f f i c i e n c y  w a s  c a l c u l a t e d  from 

N = A I R / I D  ( 3 . 2  - 4 )  

where 

disk  c u r r e n t .  

A I R  is  t h e  change i n  r i n g  c u r r e n t  (anodic) w i t h  ca thod ic  

It may b e  noted  t h a t  a h igh  degree of i r r e v e r s i b i l i t y  

f o r  ox ida t ion  of Ti+3 a t  t h e  r i n g  is  i n d i c a t e d  by t h e  low e f f i c i e n c i e s  
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'Disk 

(ca thodic)  
(ma) 

"Ring 
(ma) 
(Anodic) 

N 

+ 100 

100 

3.20 

3.22 

0.11 

0.078 

0.035 

0.024 

100 2.55 0.050 

0.056 

0.020 

100 3.30 0.017 

200 

200 

2.50 

3.00 

0.102 

0.112 

0.041 

0.037 

300 

300 

3.30 

3.00 

0.267 

0.188 

0.081 

0 062 

400 

400 

3.00 

3.00 

0.373 

0.340 

0.124 

0.113 

500 3.50 0.650 0.185 

600 3.50 0.950 0.272 

700 3.50 1.20 0.343 

0 .'475 800 4.00 0 119 

600 4.00 1.55 0.388 

400 ' 4.00 1.04 0.260 

4.47 200 0.330 0.074 

Table 2 Disk and Ring Current  and Ring E f f i c i e n c y  

f o r  Oxidat ion of Ti+3 Generated a t  Disk by 

Reduction of TiOH i n  0.4 M TiO* i n  6 M H C 1  
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Fig. 13 Ring e f f i c i e n c y  f o r  ox ida t ion  of Ti+3 generated f o r  
ox ida t ion  of Ti+3 generated a t  d i s k  by reduct ion  of 
TiO* i n  0.4  M TiO* i n  6M BC1 
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compared t o  t h e  va lue  ex t r apo la t ed  from t h e  Albery and Bruckenstein 

model (18) f o r  t h e  r i n g  and d i s k  dimensions given i n  Fig.  10. 

Furthermore, a t  a given r i n g  p o t e n t i a l  t h e  e f f i c i e n c y  decreased wi th  

t i m e  i n d i c a t i n g  a poisoning of t h e  su r face .  The e f f i c i e n c y  w a s  a l s o  

h ighe r  a f t e r  t h e  r i n g  had been t o  a p o t e n t i a l  of +800 m v  v s  Ag/AgCl 

where gold d i s s o l u t i o n  occurred and the  s u r f a c e  w a s  e v i d e n t l y  

p a r t i a l l y  c leaned of t h e  poisoning agent .  A s  i nd ica t ed  i n  Fig.  2 ,  

T i 0  i s  a l i k e l y  s p e c i e s  t h a t  could form on t h e  s u r f a c e  from ox ida t ion  

of Ti+3 t o  TiO'2. 

modified t o  s tudy  ox ida t ion  of Ti+3 t o  Ti02. 

2 

I f  t h i s  is  indeed t r u e  t h e  technique might be 

Because of t h e  low r i n g  e f f i c i e n c i e s  observed i n  t h e  ox ida t ion  

of Ti+3 a t  t h e  r i n g  i t  was d e s i r a b l e  t o  check t h e  Albery and 

Bruckenstein model (18) a g a i n s t  a more r e v e r s i b l e  couple .  

couple  w a s  s t u d i e d  i n  n e u t r a l  0.6M K I  s o l u t i o n ;  I- being oxid ized  

The 1-/12 

at  t h e  d i s k  t o  I and t h e  product  I reduced a t  t h e  r i n g .  Data are 

presented  i n  Table  3 .  

2 2 

The average r i n g  e f f i c i e n c y  a t  400 R P M  of 

0.44 is  c l o s e  t o  t h e  va lue  of 0.46 from Albery and Bruckenstein (18) .  

It is n o t  known whey t h e  r i n g  e f f i c i e n c y  decreased w i t h  i n c r e a s e  i n  

RPM; Levich (19) and Albery and Bruckenstein (18) show t h a t  N 

should b e  independent of r o t a t i o n  speed. Ring e f f i c i e n c y  w a s  

e s s e n t i a l l y  independent of d i s k  and r i n g  c u r r e n t s  and of r i n g  

p o t e n t i a l  from -100 m v  t o  n e a r l y  +500 m v  t o  t h e  Ag/AgCl e l e c t r o d e  

showing t h a t  t h e  r i n g  c u r r e n t  w a s  indeed under d i f f u s i o n  c o n t r o l .  

The decrease  i n  e f f i c i e n c y  a t  a r i n g  p o t e n t i a l  of 580 m v  vs Ag/AgCl 
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EDisk ERing 'Disk 'Ring 'Ring N 
RPM 

(mv-S CE) (mv-Ag / Ag C 1) (ma) (ma) (ma) 
(anodic) ( ca thod ic  - (ca thodic)  

anodic  +> 

400 

400 

400 

660 

580 

520 

4.30 -0.15 1.85 

1.85 -0.15 0.825 

0.85 -0.15 0.375 

0.430 

0.445 

0.440 

1000 

1000 

1000 

100 

100 

100 

400 

400 

400 

400 

400 

400 

400 

650 

600 

550 

660 

600 

550 

3.45 -0.15 

1.95 -0.15 

1.05 -0.15 

3.16 -0.15 

1.70 -0.15 

0.95 -0.15 

1.44 

0.835 

0.440 

1.49 

0.82 

0.45 

660 -100 2.75 -0.78 1.21 

600 -100 1.50 -0.78 0.675 

660 +200 2.50 +O. 04 1.075 

600 +200 1.40 +0.04 0.625 

6 60 +300 2.43 +0.07. 1.075 

660 +500 2.32 +0.35 , 1.00 

660 +580 2.27 f2 .38  0.725 

0.438 Avg. 

0.417 

0.428 

0.418 

0.421 Avg. 

0.471 

0.482 
/ 

0.474 

0.476 Avg. 

0.440 

0.450 

0.445 Avg. 

0.430 

0.445 

0.438 Avg. 

0.442 

0.431 

0.320 

Tab le  3 .  C a l i b r a t i o n  of Ring Ef f i c i ency  i n  

0.6M K I  So lu t ion  
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w a s  due t o  k i n e t i c  c o n t r o l  of t h e  r educ t ion  of I2 near  t h e  r e v e r s i b l e  

p o t e n t i a l  of t h e  I-/I redox couple as i n d i c a t e d  by t h e  high background 

anodic  c u r r e n t  on t h e  r i n g .  It may be noted t h a t  a t  t h e  same 

p o t e n t i a l  t h e  anodic  d i s k  cu r ren t  decreased i n  success ive  experiments 

due t o  the  i n c r e a s i n g  oxide th ickness  on t h e  t i t an ium.  Scraping 

t h e  d i s k  r e s t o r e d  t h e  h ighe r  cu r ren t .  It w a s  found t h a t  moving t h e  

sapph i re  s c r a p e r  nea r  t h e  d i s k  bu t  no t  touching it  had a n e g l i g i b l e  

2 

. e f f e c t  on t h e  r i n g  e f f i c i e n c y  f o r  t h e s e  experiments.  

The r i n g  c u r r e n t  and e f f i c i e n c y  were determined f o r  ox ida t ion  

of hydrogen genera ted  a t  a nega t ive  p o t e n t i a l  on t h e  d i s k  because 

of t h e  p o s s i b i l i t y  of e r r o r  i n  t h e  scrap ing  experiments due t o  

ox ida t ion  a t  t h e  r i n g  of hydrogen generated on t h e  new s u r f a c e  and 

on t h e  c u t t i n g s .  

ox ida t ion  a t  t h e  r i n g  of d i s so lved  hydrogen b u t  t h e  c u r r e n t  and 

The d a t a  shown i n  Table  4 i n d i c a t e  some anodic  

+3 e f f i c i e n c y  w e r e  s m a l l  compared t o  t h e  va lues  f o r  ox ida t ion  of T i  

shown i n  Table  2 .  

t o  a l a r g e  d i s k  cu r ren t  i n  Table 4 i t  i s  assumed t h a t  ox ida t ion  of 

d i s so lved  hydrogen can be  neg lec t ed  a t  t h e  r i n g  i n  t h e  scrap ing  

experiments.  

Because t h e  r i n g  c u r r e n t  i s  very s m a l l  i n  r e l a t i o n  

Ring and d i s k  c u r r e n t s  i n  several scrag ing  experiments i n  6M HC1 

are presented  i n  Table  5. 

e s s e n t i a l l y  a l l  f o r  ox ida t ion  of Ti+3 t o  TiO+2. 

a t  t h e  d i s k  t o  form the. Ti+3 i s  t h e r e f o r e  

It w a s  assumed t h a t  t h e  r i n g  c u r r e n t  w a s  

The equ iva len t  cu r ren t  
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'Disk 

(ca thodic)  
(ma ) 

140 

15 0 

"Ring 

(anodic) 
(ma 1 

0.07 

0.04 

N 

0.0005 

0.0003 

Table  4 Ring Ef f i c i ency  f o r  Oxidat ion of Hydrogen 

Generated a t  Disk 

(Ring a t  +500 mv vs Ag/AgCl,Disk a t  

-1400 mv SCE) 
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-500 +700 

-500 +700 

-300 +500 

-300 +500 

-300 +500 

"Disk 
(ma) 

(anodic)  

A I  Ring N 3b1Ring 3A1~ing  

NA I D  i s  k (ma)  (Fig.  13) N 
(anodic)  (ma) 

9.5 0.85 0.35 7.3 0.77 

6.5 0 .84  0.35 7 .2  1.11 

0.94 Avg. 

8 0.05 0.19 0.8 0.10 

1 2  0.15 0.19 2.4 0.20 

18 0.6 0.19 9.5 0.53 

Table 5 Ring and Disk Curren ts  i n  Scraping Experiments 

(6 M H C 1  E l e c t r o l y t e ,  400 R P M  Rota t ion  Speed) 



3A1~ing 
N I =  (3.2 - 5) 

The r a t i o  of t h i s  v a l u e  t o . t h e  change i n  d i s k  c u r r e n t  w i th  scrap ing  

should g i v e  t h e  f r a c t i o n  of t h e  d i s k  c u r r e n t  t o  form s o l u b l e  T i  

( t h e r e  w a s  some cont inuous background ca thod ic  c u r r e n t  f o r  hydrogen 

i o n  r educ t ion  a t  t h e  d i s k  p o t e n t i a l s  i n  Table  5, t hus  t h e  use  of 

I n  t h e  f i r s t  two experiments shown i n  Table 5 i n  which "Disk 

+3 

). 

- a  r e l a t i v e l y  h igh  t o o l  advance rate w a s  used ,  i t  appears  t h a t  most 

Of course ,  t h e  va lue  of of t h e  d i s k  c u r r e n t  went t o  s o l u b l e  Ti+3. 

N used from Fig .  13  i s  very  approximate due t o  t h e  poisoning of t h e  

r i n g  so t h e  exper imenta l  r e s u l t s  are not  very  p r e c i s e ,  bu t  i t  i s  

important  t h a t  i t  has  been demonstrated t h a t  a l a r g e  f r a c t i o n  of t h e  

c u r r e n t  t o  a new t i t an ium s u r f a c e  i n  a c i d  s o l u t i o n  goes t o  form 

s o l u b l e  T i  . +3 

I n  t h e  last  t h r e e  experiments shown i n  Table 5 a lower bu t  

success ive ly  inc reas ing  t o o l  advance rate w a s  used. The r i n g  c u r r e n t  

i nc reased  more w i t h  t o o l  advance rate than  t h e  d i s k  cu r ren t  sugges t ing  

t h a t  perhaps a t  low t o o l  advance rates t h a t  Ti0  is  scraped  o f f  

p r e f e r e n t i a l l y  and most of t h e  cu r ren t  goes t o  grow more oxide on t h e  

2 

thinned oxide.  Unfor tuna te ly  only a l i m i t e d  number of s c rap ing  

experiments was, conducted wi th  t h e  r i n g  d i s k  system because t h e  d i s k  

w a s  damaged and had t o  b e  r e p a i r e d  a f t e r  each set of experiments ,  

p a r t i c u l a r l y  a t  t h e  h igh  c u t t i n g  rates r equ i r ed .  
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During t h e  sc rap ing  experiments i t  w a s  observed t h a t  a l though 

a n  i n c r e a s e  i n  anodic  r i n g  c u r r e n t  occurred dur ing  sc rap ing ,  t h e r e  

appeared t o  b e  no c o r r e l a t i o n  between c u r r e n t  peaks on t h e  d i s k  

and r i n g  when t h e  " f i n e  s t r u c t u r e "  w a s  i n v e s t i g a t e d  on an  expanded 

t i m e  scale. A reasonable  exp lana t ion  f o r  t h i s  appeared t o  be  

t h a t  there is a de lay  t i m e  f o r  t r a n s p o r t  of Ti+3 from d i s k  t o  r i n g  

and t h a t  t h i s  de lay  t i m e  is v a r i a b l e  depending on t h e  r a d i a l  

p o s i t i o n  of t r a n s i e n t l y  scraped  pa tches  of m e t a l  on t h e  d i sk .  

Subsequent measurements made of t h e  t r a n s p o r t  de lay  t i m e  from d i s k  

t o  r i n g  were c o n s i s t e n t  w i t h  t h i s  hypothes is .  

A s t r i p  c h a r t  record  of d i s k  and r i n g  t r a n s i e n t  c u r r e n t s  

accompanying s t e p  changes i n  d i s k  p o t e n t i a l  i n  0.6M K I  s o l u t i o n  

from a n  e s s e n t i a l l y  ze ro  I- i o n  ox ida t ion  c u r r e n t  t o  about  0-4 m a  

i s  shown i n  F ig .  14 .  It may be  noted t h a t  a t  t h e  i n s t a n t  t h e  

p o t e n t i a l  w a s  switched on t h e  d i s k ,  denoted by T , t h e r e  w a s  a 

s l i g h t  change i n  t h e  r i n g  c u r r e n t  probably due t o  a change i n  I R  
P 

drop i n  t h e  s o l u t i o n  nea r  t h e  e l e c t r o d e  f a c e .  

de l ay  t i m e  denoted by AT , between t h i s  t i m e  T , and t h e  onse t  

of change i n  r i n g  c u r r e n t  due t o  r educ t ion  of . The l a t t e r  time 

w a s  determined by e x t r a p o l a t i n g  t h e  i n i t i a l - c u r r e n t  s l o p e  back 

There w a s  then  a 

d P 

I2 

d t o  t h e  i n t e r s e c t i o n  w i t h  t h e  p r e - p o t e n t i a l  s t e p  c u r r e n t .  (That AT 

is approximately equa l  t o  t h e  t i m e  d i f f e r e n c e  i n  t h e  two pen p o s i t i o n s  

i s  a coincidence i n  t h i s  experiment.)  The same va lue  of A T  w a s  d 
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-0.6 

0.4 

0.2 

0 

0 

-0.1 

-0.2 

-0.3 
8 6 4 2 0 

* 
TIME (see) 

Fig. 1 4  S t r i p  c h a r t  record ing  of d i s k  and r i n g  t r a n s i e n t  
c u r r e n t s  f o r  s t e p  change i n  d i s k  p o t e n t i a l  i n  0.6M K I  
s o l u t i o n  (400 RPM) 
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found f o r  t h e  p o t e n t i a l  s t e p  t o  t h e  zero d i s k  c u r r e n t  and from zero  

t o  a f i n i t e  d i s k  cu r ren t .  

A p l o t  of de lay  t i m e  ve r sus  t h e  per iod  of r e v o l u t i o n  f o r  t h r e e  

speeds i s  g iven  i n  Fig.  15. 

o r i g i n  w a s  obtained.  

t h e  r ing-d isk  sc rap ing  experiments w e r e  done, is  about  0.25 sec. 

Th i s  is  f o r  a gap between r i n g  and d i s k  of 0.05 c m  (Fig.  1 0 ) .  

r a d i a l  d i s t a n c e  between t h e  boundaries  of t h e  scraped zone on the  

d i s k  and t h e  i n n e r  r a d i u s  of t h e  r i n g  w a s  i n  t h e  range of about  0 .1  

A l i n e a r  r e l a t i o n  pass ing  through t h e  

The de lay  t i m e  a t  400 RPM, a t  which most of 

The 

t o  0.25 cm. Assuming cons t an t  r a d i a l  v e l o c i t y  ac ross  t h i s  p o r t i o n ,  

t h e  d i s k  would t h e r e f o r e  g i v e  de lay- t imes  of  0.5 t o  1 .25 seconds,  

which would exp la in  t h e  l a c k  of c o r r e l a t i o n  of r i n g  and d i s k  cu r ren t  

peaks a t  a h igh  t i m e  r e s o l u t i o n .  The a c t u a l  de lay  t i m e s  would be 

longer  than  t h e s e  because r a d i a l  v e l o c i t y  of s o l u t i o n  is  a func t ion  

of r a d i u s  as d iscussed  below. 

It is of i n t e r e s t  t o  examine t h e  s i g n i f i c a n c e  of t h e  r ing-d isk  

de lay  t ime t o  t h e  hydrodynamic equat ions  f o r  t h e  r o t a t i n g  d i s k  

e l ec t rode .  It can be shown from Levich (19) t h a t  t h e  r a d i a l  v e l o c i t y  

i n  t h e  s o l u t i o n  next  t o  t h e  d i s k  can be approximated by 
\ 

1 

v = 0.51 wr (:ry r (3.2 - 6) 

where w = r o t a t i o n a l  speed,  r ad ians / sec ;  r = r a d i a l  p o s i t i o n  on 

d i s k ,  where t h e  v e l o c i t y  v is  determined; v = kinematic  v i s c o s i t y ;  r 
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1.5 

1.0 

0.5 

0.5 1.0 

DISK PERIOD (sec/rev) 

Fig.  15 P l o t  of delay t i m e ,  A-rd, v e r s u s  p e r i o d  of r e v o l u t i o n  



4 1  

and y = d i s t a n c e  i n t o  s o l u t i o n  normal t o  d i s k .  Because t h e  r a d i a l  

s o l u t i o n  v e l o c i t y  is z e r o  a t  t h e  d i s k  s u r f a c e ,  t h e  de lay  t i m e  is 

t h e  sum of t h e  t i m e  f o r  d i s k  products  t o  d i f f u s e  from r l  (Fig.  10) 

t o  a p o s i t i o n  i n  t h e  f l u i d  y w i t h  f i n i t e  v e l o c i t y  and be t r ans -  

po r t ed  from r1 t o  r 2  and f i n a l l y  t o  d i f f u s e  back t o  t h e  r i n g  a t  r 2  

(Fig.  10) .  The v a l u e  of y must be between ze ro  and 6 ,  t h e  

d i f f u s i o n  l a y e r  t h i ckness .  

d 

d 

The d i f f u s i o n  l a y e r  t h i ckness  (19) is  g iven  by 

l/3 % 
6 = 1.61 (,&) V (2) w (3.2 - 7 )  

where D = d i f f u s i v i t y  of t r a n s p o r t e d  s p e c i e s .  The r a t i o  of y/6 

from equat ions  3.2 - 6 and 3.2 - 7 i s  

V r 
y/6 = - 1  

(0.82) wr($) /3 

The va lue  of vr i s  g iven  approximately by 

r 2  -"1 
v a  r Ard 

(3.2 - 8 )  

(3.2 - 9 )  

ATd t h e  va lue  of v 

con ta ins  t h e  d i f f u s i o n  t i m e s  as w e l l  as t h e  convect ion t i m e  from 

rl t o  r 2  . Empir ica l ly  i t  is  found from Fig.  15 t h a t  

being l a r g e r  than  t h e , r i g h t  hand s i d e  because r 
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 AT^ = 1.60 (29 
L e t t i n g  

w = 2Tr (T) 

r 2  + rl  

2 r x  

and 

g ives  

I43 -5 1/3 -1 (:) 4%) 10 = 10 

'd - >, 2.42  
6 r 2  * r 1  

which for t h e  dimensions i n  F ig .  10 g i v e s  

(3.2 - 10) 

( 3 . 2  - 11) 

The r a t i o  y /6 t u r n s  ou t  t o  be  a cons t an t ,  independent of RPM. d 
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3.3 Reexamination of Electrochemical  K i n e t i c  Data f o r  Titanium 

i n  H C 1  

The f ind ing  wi th  t h e  r o t a t i n g  d i s k  and r i n g  d i s k  experiments 

t h a t  a cons iderable  f r a c t i o n  of t h e  i n i t i a l  anodic  c u r r e n t  t o  newly 

genera ted  t i t an ium s u r f a c e s  goes t o  s o l u b l e  Ti-t3 requi red  reexamination 

of t h e  p rev ious ly  obta ined  k i n e t i c  d a t a  f o r  Ti :8-1-1 i n  12  M HC1 ( 4 ) .  

Reexamination of t h e  d a t a  a l s o  revea led  f u r t h e r  " f i n e  s t r u c t u r e "  

t h a t  w a s  g lossed  over  i n  t h e  o r i g i n a l  a n a l y s i s .  The purpose of t h e  

o r i g i n a l  a n a l y s i s  was t o  o b t a i n  approximate k i n e t i c  d a t a  on formation 

of Ti02 and hydrogen ion  r educ t ion  s u i t a b l e  f o r  use  i n  t h e  pre l iminary  

eva lua t ions  of t h e  MTK model. Resul t s  of t h e  more r e c e n t  a n a l y s i s  

of t h e  k i n e t i c  d a t a  w i l l  b e  presented  he re .  Much of i t  is  somewhat 

s p e c u l a t i v e  bu t  w i l l  serve as a b a s i s  f o r  design of f u r t h e r  c r i t i c a l  

k i n e t i c s  experiments.  

. 

I n  t h e  prev ious  p r e s e n t a t i o n  ( 4 )  reproduct ions  of o sc i l l o scope  

c u r r e n t  ve r sus  t i m e  traces a t  p o t e n t i a l s  of -800 mv and -960 mv (SCE) 

w e r e  shown, I n  t h e  trace a t  -960 mv i n  which t h e  i n i t i a l  c u r r e n t  w a s  

ca thodic ,  t h e  ca thod ic  c u r r e n t  w a s  shown t o  reach  t h e  maximum a t  

approximately one mi l l i s econd  as compared t o  a much s h o r t e r  t i m e  

r equ i r ed  t o  reach peak ca thod ic  c u r r e n t  a t  more nega t ive  p o t e n t i a l s  o r  

t o  reach  peak 'anodic  c u r r e n t  a t  p o t e n t i a l s  more p o s i t i v e  than  -800 mv.  

While an  a n a l y s i s  of t h e  slow ca thod ic  r ise t i m e  w a s  not  made 

earlier i t  appears  a p p r o p r i a t e  t o  do so  now. 
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Two exp lana t ions  of t h e  slow rise t i m e  are t h e  hydrogen i o n  

d ischarge  i s  slow t o  g e t  s t a r t e d ,  o r  t h a t  t h e r e  i s  a n  i n i t i a l  anodic  

c u r r e n t  which d i e s  o u t .  The measured c u r r e n t  i s ,  of course ,  t h e  

d i f f e r e n c e  between the  a c t u a l  anodic  and ca thodic  c u r r e n t s .  

i = i  - i  ( 3 . 3  -1) a C 

The second exp lana t ion  i s  be l i eved  t o  be t h e  case  because a t  p o t e n t i a l s  

somewhat more p o s i t i v e  than  -925 mv, t h e r e  i s  an i n i t i a l  anodic  peak 

followed by a ca thod ic  peak. It is a l s o  d i f f i c u l t  t o  e x p l a i n  a de lay  

t i m e  f o r  hydrogen ion  d i scha rge  i n  a concent ra ted  a c i d  s o l u t i o n .  

An o s c i l l o s c o p e  trace f o r  a p o t e n t i a l  of -900 mv showing t h e  

anodic  and ca thod ic  peaks i s  shown i n  Fig.  16a.  The scale i s  expanded 

i n  Fig.  16b t o  show t h e  proposedreso lu t ion  of anodic  and ca thodic  

c u r r e n t s .  It i s  assumed t h a t  a f t e r  t h e  ca thod ic  peak t h e  a c t u a l  

anodic  component is  a s m a l l  f r a c t i o n  of t h e  ca thod ic  component ( the  

decrease  i n  ca thod ic  cu r ren t  i s  assumed as be fo re  ( 4 )  t o  be  due t o  

oxide coverage a t  a low c u r r e n t  d e n s i t y ) .  

ca thod ic  c u r r e n t  a f t e r  i t s  peak is  ex t r apo la t ed  back t o  zero t i m e .  

The i n i t i a l  s l o p e  of t h e  

The d i f f e r e n c e  between measured c u r r e n t  be fo re  the  ca thodic  peak and 

t h i s  ex t r apo la t ed  l i n e  i s  considered t o . b e  t h e  i n i t i a l  anodic  c u r r e n t .  

It can only b e  measured over  a narrow range of p o t e n t i a l s ,  more nega- 

t i ve  than  t h e  mixed p o t e n t i a l  (--800 mv) b u t  more p o s i t i v e  than  t h e  . 

p o t e n t i a l  a t  which t h e  i n i t i a l  anodic  peak d i s sappea r s  (--925 m v ) .  
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Fig. 16 Data f o r  fracture of Ti:8-1-1 i n  1 2  M H C 1  a t  -900 m v  (SCE) 
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It i s  proposed t h a t  analogous t o  t h e  i n t e r p r e t a t i o n  by Hagyard 

and E a r l  (20) of t h e i r  i n i t i a l  p o t e n t i a l s  of f r e s h l y  genera ted  

aluminum s u r f a c e s ,  t h a t  t h e  i n i t i a l  anodic  c u r r e n t  observed i n  t h e  

p o t e n t i a l  range of -925 t o  -800 m v  i s  formation of t h e  m e t a l  i o n ,  

i n  t h i s  case T i  . +3 It is proposed f u r t h e r  t h a t  t h e  decay i n  the  

i n i t i a l  anodic  c u r r e n t  is  due t o  i n h i b i t i o n  by h d r i d e  format ion ,  

based on t h e  observed r e l a t i o n  of decrease  i n  i n i t i a l  anodic  c u r r e n t  

t o  drop Ia t o  p o t e n t i a l .  The t i m e  f o r  t h e  i n i t i a l  anodic  cu r ren t  

t o  10% of t h e  va lue  a t  t i m e  ze ro  is  p l o t t e d  i n  Fig.  1 7 .  It is  noted 

t h a t  t h e  t i m e  i n c r e a s e s  wi th  i n c r e a s e  i n  p o t e n t i a l  i n  t h e  p o s i t i v e  

d i r e c t i o n .  Th i s  r e l a t i o n  would be expected wi th  aca thod ic  process  

causing i n h i b i t i o n ,  r a t h e r  t han  wi th  an  anodic  process .  With t h i s  

c r i t e r i o n ,  t i m e  t o  form a monolayer of hydr ide  based on t h e  i n i t i a l  

ca thod ic  c u r r e n t  a t  t i m e  zero  w a s  a l s o  p l o t t e d  i n - F i g .  17.  

QH A 
T =  M Ic(T’o) 

( 3 . 3  - 2) 

QH = charge dens i ty  2; where T = t i m e  t o  form a monolayer of T i H  M 
of a monolayer of TiH (assumed t o  b e  -4 x coul/cm2 f o r  .two H 

pe r  b a s a l  T i  atom) ; 

e x t r a p o l a t e d  i n i t i a l  ca thodic  c u r r e n t  (Fig. 16 ) .  Both curves on Fig.  17 

2 

A = area of new s u r f a c e  (-0.05 cm2) ; and I (T=O) = 
C 

have approximately t h e  same s l o p e  (160 mv/decade f o r  I /I (T=O) = 0 .1  a a  

and 180 mv/decade f o r  $, al though they  are sepa ra t ed  by a f a c t o r  of 
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Fig.  17  P l o t  of. l o g  T and log  ( I a / I a ( ~ = O )  = 0.1) M vs app l i ed  p o t e n t i a l  
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about f i v e .  A p o s s i b l e  explana t ion  f o r  t h i s  s e p a r a t i o n  i s  t h a t  

t h e  i n i t i a l  anodic  and ca thodic  c u r r e n t s  are both cons iderably  

l a r g e r  than  i n d i c a t e d  i n  Fig.  16 and both i n h i b i t e d  by formation 

of hydr ide .  

The i n i t i a l  anodic  cu r ren t  peaks f o r  t hose  experiments a t  

p o t e n t i a l s  between -925 and -800 m v  are p l o t t e d  i n  F ig .  18. 

A T a f e l  l i n e  wi th  a 120 m v  s l o p e  drawn through t h e  p o i n t s  has  an  

i n t e r c e p t  a t  t h e  r e v e r s i b l e  p o t e n t i a l  f o r  Ti/Ti+3(-1450 mv SCE) a t  

about amp/cm This  exchange c u r r e n t  dens i ty  f o r  m e t a l  d i s so lu -  

t i o n  would appear t o  be r a t h e r  low (compared t o  an expected > 10  

f o r  metal d i s s o l u t i o n )  b u t  t h e  i n i t i a l  anodic  c u r r e n t s  may be low 

as noted above and i t  i s  a long e x t r a p o l a t i o n  and t h e  

r e v e r s i b l e  p o t e n t i a l  i s  not  t oo  p r e c i s e l y  known. A dashed T a f e l  

l i n e  f o r  hydrogen ion  d ischarge  wi th  a 120 m v  s l o p e  i s  drawn t o  be 

c o n s i s t e n t  w i th  t h e  observa t ion  of a n e t  i n i t i a l  anodic  c u r r e n t  a t  

about -925 mv. 

2 

-3 

More " f i n e  s t r u c t u r e "  w a s  found i n  t h e  ca thod ic  c u r r e n t  curves  

over  l onge r  t i m e  pe r iods  as shown i n  Fig.  19.  There appear  t o  be 

t h r e e  d i s t i n c t  r eg ions  w i t h  d i f f e r e n t  behavior  of c u r r e n t  w i th  t i m e .  

I n  r eg ion  I t h e  c u r r e n t  decreases  w i t h  t i m e  w i th  decreas ing  s l o p e .  

Th i s  w a s  t h e  r eg ion  f o r  which t h e  i n i t i a l  s l o p e  w a s  e x t r a p o l a t e d  t o  

t h e  z e r o  c u r r e n t  i n t e r c e p t  t o  g e t  an estimate of c u r r e n t  f o r  rate of 
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a f t e r  f r a c t u r e  of T i :8 -1 -1  i n  1 2 M  HC1 a t  -1050 m v  (SCE) 
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i n i t i a l  oxide formation p rev ious ly  ( 4 ) .  Region I1 has n o t  been 

d iscussed  p rev ious ly  and i s  cha rac t e r i zed  by abrupt  changes i n  

s l o p e  a t  each end and a g e n e r a l l y  slowly inc reas ing  s l o p e  i n  between. 

Region I11 i s  an approximately s teady  state c u r r e n t  r eg ion  and i s  

t h e  c u r r e n t  considered p rev ious ly  ( 4 )  t o  be  t h e  d ischarge  of 

hydrogen ion  on oxide covered s u r f a c e .  

Cathodic c u r r e n t s  f o r  p o t e n t i a l s  of -1050 t o  -850 are r e p l o t t e d  

on semilog paper  i n  Fig.  20. The t h r e e  r eg ions  are aga in  c l e a r l y  seen.  

The t r a n s i t i o n  t i m e  from regions  I t o  I1 appears  t o  be  independent 

of p o t e n t i a l  i n  t h e  range a v a i l a b l e .  The d a t a  f o r  reg ion  I appear 

t o  b e  l i n e a r  on t h e  semilog p l o t  bu t  t h e r e  are n o t  enough d a t a  t o  

be d e f i n i t i v e .  The r eg ion  I1 d a t a  are a l l  curved w i t h  inc reas ing  

s lope .  The t r a n s i t i o n  t i m e  from regions  11 t o  I11 appa ren t ly  

decreases  w i t h  i n c r e a s i n g  p o t e n t i a l  as can  be seen  i n  Fig.  21. 

The r eg ion  I1 d a t a  were r e p l o t t e d  i n  Fig.  22 as logar i thm of 

ca thod ic  c u r r e n t  ve r sus  T~ measured from f r a c t u r e .  This  appeared 

to s t r a i g h t e n  t h e  reg ion  I1 d a t a ,  a l though t h e r e  s t i l l  appeared t o  

be a d i p  a t  tfe end t o  r eg ion  111. 

A s t r a i g h t  l i n e  r e l a t i o n  would be expected i n  Fig.  22 f o r  pa tch  

growth of oxide which i n h i b i t s  H+ i o n  d ischarge .  Combining 

= iH1 (1-9) (3 .3  - 3)  
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'&I) (where h1 = iHOexp [ w i t h  equat ion  3.1 - 5 g i v e s  RT 

Taking logar i thms and d i f f e r e n t i a t i n g  g'ives 

( 3 . 3  - 4 )  

(3.. 3 - 5) 

The s l o p e  of t h e  reg ion  I1 l i n e  a t  -1000 mv i n  Fig.  22 g i v e s  

U s e  of va lues  of n and i descr ibed  by Vermilyea (15) f o r  

growth of PbSO 

from equa t ion  t h a t  i s  t o o  s m a l l ,  e .g . ,  f o r  n = 10 an2 and i = 

4 x amp/cm2 (va lues  f o r  PbS04) and 6m 5 x cm and 

w 4 x 10 coul/cm2 (approximate va lues  f o r  Ti02) ,  g ives  

pa tches  on l e a d  i n  2 N  H2S04gives a va lue  of t h e  s l o p e  4 
-9 

-4  
Qo 

d(1og iH) -2 
= - 3.4 x sec . 

This  c a l c u l a t e d  s l o p e  i s  n e a r l y  s i x  ord,ers of magnitude too  s m a l l .  

The va lues  of 6 and Q, are t h e  r i g h t  o r d e r  of magnitude s o  i t  i s  t h e  m 

va lues  of n or i t h a t  must be ad jus t ed  t o  f i t  t h e  experimental  2 
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d a t a .  The va lue  of  n must be  cm-2 i n  o rde r  t o  have d i s c r e e t  

pa tches  of oxide;  t h e r e f o r e  i f o r  Ti02 must be g r e a t e r  than  4 x 10 

amp/cm2 ( f o r  PbS04). 

-2 
2 

An estimate of i f o r  Ti02 i s  made as fol lows.  The va lue  of i2 2 

i s  r e l a t e d  t o  t h e  average c u r r e n t  d e n s i t y  by 

( 3 . 3  - 6 )  i - -  i 
2 2mnrh 

- 

where r = r a d i u s  of  pa tches  and h = he igh t .  But n and r are r e l a t e d  

a t  t h e  t i m e  of impingement of t h e  pa tches .  Consider impingement of 

a square  a r r a y  of pa tches  f o r  which 

n = 1 

combining equat ions  3 . 3  - 6 and 3 . 3  - 7 g ives  

i 
mh n% i2 x 

( 3 . 3  - 7 )  

( 3 . 3  - 8) 

-8 For i lo-' amp/cm2 a t  -1000 mv (Fig.  10,  Ref. 4 ) ,  h = 5 x 10 cm 

(a monolayer f o r  p a s s i v a t i o n  of t i t an ium)  and n = 10 c m  g ives  9 -2 

i NN 20 amp/cb2 . This  va lue  i n  equat ion  3 . 3  - 5 g i v e s  t h e  r i g h t  o r d e r  2 3, 

d h 2 >  
as compared t o  t h e  va lue  of t h e  s l o p e  i n  of magnitude f o r  

Fig.  22. While by no means proving t h e  mechanisms of pa tch  growth of 

Ti0  as i n h i b i t i n g  hydrogen i o n  d i scha rge  t h e  numbers do n o t  appear  

unreasonable.  

d ( loo  iH) 

2 
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The a n a l y s i s  of t h e  c u r r e n t  on t h e  anodic  s i d e  of t h e  mixed 

p o t e n t i a l  i s  a l s o  s p e c u l a t i v e .  The behavior  of t h e  anodic  cu r ren t  

wi th  t i m e  w i l l  be  analyzed from t h e  viewpoint of t h e  random growth 

oxide  monolayer and t h e  pa t ch  growth models. The pa tch  growth model 

appears  a t  t h i s  t i m e  t o  f i t  t h e  d a t a  w i t h  fewer incons i s t enc ie s .  

1. 

2. 

3. 

4 .  

The a n a l y s i s  of t h e  d a t a  involves  many d i f f i c u l t i e s :  

Much of t h e  work t o  d a t e  has  been done wi th  T i :8 -1 -1  because 

t h i s  i s  t h e  a l l o y  t h a t  w a s  used f o r  a l a r g e  f r a c t i o n  of t h e  SCC 

experiments.  This  may have produced some s i d e  e f f e c t s  due t o  a 

nonhomogeneous su r face .  

The c u r r e n t  d e n s i t i e s  on t h e  new s u r f a c e s  w e r e  very  l a r g e ,  r e s u l t i n g  

i n  apprec i ab le  I R  drop i n  t h e  e l e c t r o l y t e  which must be 

accounted f o r  i n  t h e  a n a l y s i s .  

Seve ra l  d i f f e r e n t  s imultaneous r e a c t i o n s  are p o s s i b l e .  

The geometry of t h e  system w a s  apparent ly .  n o t  p e r f e c t l y  reproducib le  

from run  t o  run  leading  t o  some scatter i n  t h e  d a t a .  

For tuna te ly  much of t h e  s i g n i f i c a n t  t r a n s i e n t  behavior  occurs  a t  time 

pe r iods  of g r e a t e r  t han  10  seconds,  a l lowing use  of an  o rd ina ry  e l e c t r o n i c  

p o t e n t i o s t a t .  

-4  

F i r s t  w e  w i l l  cons ider  t h e  a n a l y s i s  by t h e  random oxide  growth 

model. A semilog p l o t  of anodic  c u r r e n t  ve r sus  t i m e  is  given i n  

Fig.  23 for Ti:8-1-1 specimens i n  12 M HC1. It  can be seen  t h a t  
3. 

anodic  c u r r e n t  i n c r e a s e s  wi th  more p o s i t i v e  p o t e n t i a l s  bu t  t h e  rate 

of decrease  i n  c u r r e n t  f a l l s  o f f  a t  more p o s i t i v e  p o t e n t i a l s .  An 
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Fig. 23 Anodic c u r r e n t  for Ti:8-1-1 i n  1 2 M  HC1 
(A = 0.05 em) 
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equat ion  i s  der ived  i n  Appendix I f o r  e s t ima t ing  t h e  i n i t i a l  

c u r r e n t  d e n s i t y  f o r  formation of ox ide  us ing  t h e  random growth model 

- 
where R is  t h e  e f f e c t i v e  r e s i s t a n c e  of t h e  e l e c t r o l y t e  es t imated  

from t h e  s l o p e  of t h e  peak c u r r e n t  d e n s i t y  versus  app l i ed  p o t e n t i a l ,  

A i s  t h e  T a f e l  parameter (%) , i i s  t h e  peak i n i t i a l  anodic  

c u r r e n t  d e n s i t y ,  Q, 
a i  

is t h e  charge d e n s i t y  of a monolayer of oxide,  
U d i  

and (2),= is t h e  i n i t i a l  s l o p e  of t h e  c u r r e n t  d e n s i t y  t i m e  p l o t .  

The i n i t i a l  anodic  c u r r e n t  dens i ty  and t h e  c a l c u l a t e d  va lue  of t h e  

i n i t i a l  p a s s i v a t i n g  c u r r e n t  dens i ty  from equat ion  3.3-9 f o r  

Ti :8-1-1 i n  1 2  M H C 1  are p l o t t e d  i n  Fig.  24. It is  seen  t h a t  t h e  

c a l c u l a t e d  p a s s i v a t i o n  c u r r e n t  d e n s i t y  is  g r e a t e r  t han  t h e  a c t u a l  

c c u r r e n t  d e n s i t y .  One s o l u t i o n  t o  t h i s  problem i s  t o  assume t h a t  

t h e  s u r f a c e  has  areas t o  two d i f f e r e n t  r e a c t i v i t i e s ,  t h e  more reactive 

s u r f a c e  p a s s i v a t i n g  f i r s t .  Such a s i t u a t i o n  might r e s u l t  from t h e  

d i f f e r e n t  aluminum composition between g r a i n s  i n  Ti:8-1-1 (21 ) .  One 

would t h e r e f o r e  mul t ip ly  t h e  c a l c u l a t e d  i 

s u r f a c e  covered by t h e  act ive g r a i n s  t o  g e t  t h e  average  c u r r e n t  d e n s i t y  

by t h e  f r a c t i o n  of t h e  
OX1 

i f  i t  w e r e  d i s t r i b u t e d  uniformly over  t h e  whole su r face .  Assuming a 

f r a c t i o n  0.2 active s u r f a c e  b r i n g s  a l l  of t h e  c a l c u l a t e d  i n i t i a l  

c u r r e n t  d e n s i t i e s  f o r  p a s s i v a t i o n  below t h e  t o t a l  i n i t i a l  anodic  c u r r e n t  

dens i ty .  

and reg ion  I1 p a s s i v a t i o n  d iscussed  ear l ier .  

Areas of two d i f f e r e n t  a c t i v i t y  might exp la in  t h e  reg ion  I 
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Simi la r  experiments and c a l c u l a t i o n s  conducted wi th  commercially 

pure  t i t a n i u m  specimens of t h e  same conf igu ra t ion  i n  3M HC1 gave t h e  

d a t a  shown i n  Fig.  25. H e r e  t h e  c a l c u l a t e d  i n i t i a l  p a s s i v a t i n g  

c u r r e n t  dens i ty  turned  ou t  t o  be  approximately equal  t o  t h e  t o t a l  

i n i t i a l  anodic  c u r r e n t  d e n s i t y  over t he ‘ r ange  of p o t e n t i a l s  s tud ied .  

This  is c o n s i s t e n t  wi th  an expected more homogeneous su r face .  That 

such a l a r g e  p ropor t ion  of t h e  i n i t i a l  c u r r e n t  dens i ty  apparent ly  goes 

t o  t h e  p a s s i v a t i o n  r e a c t i o n  is i n c o n s i s t e n t  wi th  t h e  scraped r o t a t i n g  

d i s k  experiments which showed t h a t  a l a r g e  f r a c t i o n  of t h e  c u r r e n t  

d e n s i t y  went t o  s o l u b l e  T i  

f o r  t h e  s u r f a c e  s o  t h i s  would r e q u i r e  t h a t  t he  cu r ren t  d e n s i t y  is 

weighted more heav i ly  i n  f avor  of s o l u b l e  Ti+3 a f t e r  t h e  i n i t i a l .  

+3 . The l a t t e r  i s  a t i m e  averaged r e s u l t  

peak c u r r e n t  which does n o t  appear reasonable .  

The most s e r i o u s  incons is tency  w i t h  t h i s  model i s  t h a t  i f  most of 

t h e  i n i t i a l  c u r r e n t  d e n s i t y  goes t o  form a monolayer of oxide t h e  

s u r f a c e  w i l l  become covered i n  too s h o r t  a pe r iod  of t i m e .  

t h e  i n i t i a l  c u r r e n t  dens i ty  is 3 amp/cm2 

I f  f o r  example 

(such as f o r  T i  a t  a 

p o t e n t i a l  of 0 mv) t h e  t i m e  f o r  complete coverage would be 

-4 
M 10 sec, Qo - 4 x 1 0 ~ ~  

- 3  i 
‘ t ”  - 

-4 whereas the  c u r r e n t  d id  not  start t o  decrease  u n t i l  about  5 x 10  sec  

f o r  t h i s  run  (Fig.  26). 
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Fig. 25 Comparison of c a l c u l a t e d  i n i t i a l  c u r r e n t  d e n s i t y  f o r  
p a s s i v a t i o n  t o  t o t a l  i n i t i a l  anod ic  c u r r e n t  d e n s i t y  
f o r  T i  i n  3M H C 1  
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It has been poin ted  ou t  earlier (22) t h a t  t h e  r e s i s t a n c e  c a l c u l a t e d  

from t h e  p l o t  of peak i n i t i a l  c u r r e n t  d e n s i t y  ve r sus  p o t e n t i a l  i s  

l a r g e r  than  t h e  va lue  c a l c u l a t e d  f o r  hemispher ica l  conduction i n  t h e  

e l e c t r o l y t e  t o  t h e  two new s u r f a c e s .  

expla ined  by t h e  c l o s e  proximity of the.  two broken f a c e s  and t h e  

r e s t r i c t i o n  on t h e  e l e c t r o l y t e  area. 

s i d e  w a s  unexplainably 2% t i m e s  l a r g e r  f o r  t h e  Ti:8-1-1,  however. 

In  t h e  r e c e n t  runs  w i t h  commercially pu re  t i t an ium i n  3 M HC1 t h e  

r e s i s t a n c e  on t h e  anodic  s i d e  w a s  almost i d e n t i c a l  t o  t h e  Ti:8-1-1 

d a t a  on t h e  ca thodic  s i d e .  Ca lcu la t ions  shown i n  Appendix I11 i n d i c a t e ,  

however, t h a t  t h e  d i f f e r e n c e  cannot be  explained by increased  c u r r e n t  

dens i ty  t o  more a c t i v e  areas. 

are nea r ly  t h e  same so  i t  i s  apparent ly  not  due t o  d i f f e r e n c e s  i n  

e l e c t r o l y t e  r e s i s t a n c e .  

A p a r t  of t h e  d i f f e r e n c e  can be 

The r e s i s t a n c e  on t h e  anodic  

The c o n d u c t i v i t i e s  of 12M and 3M H C 1  
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An equat ion  i s  der ived  i n  Appendix I1 f o r  pa t ch  oxide  growth. 

Us ing . the  s impl i fy ing  assumptions t h a t  most of t h e  i n i t i a l  c u r r e n t  goes 

t o  form s o l u b l e  Ti+3, and t h e r e f o r e  t h e  oxide  cu r ren t  can b e  neglec ted ,  

and t h a t  a l l  t h e  t e r m s  b u t  T i n  t h e  exponent of equat ion  

are cons tan t  g i v e s  

A+(EA-Et) - A+E ia - 2.3 log  ( ia / i+o)  (3 .3  - 10) 1% T = c  -% [ 

where C = n , t h e  only a d j u s t a b l e  parameter.  Values of 

R and i can b e  determined from d a t a  on peak c u r r e n t  d e n s i t y ,  i , 
+O a1 

a t  T = 0. The fo l lowing  va lues  w e r e  used f o r  a series of experiments 

- 

wi th  commercially pure  t i t an ium conducted i n  3M HC1: 

A+ = 19.5 volts- '  

R 

E: = -1.4 v o l t s  (SCE) 

i = 4 x 10 amp/cm2 ( c a l c u l a t e d  from d a t a  a t  T = 0) 

- 
= 0.24 volts/(amp/cm2) ( c a l c u l a t e d  from d a t a  a t  T = 0) 

-5 
+O 

The va lue  of 

no ted  earlier on t h e  ca thod ic  s i d e .  

i+o appears  somewhat low f o r  m e t a l  d i s s o l u t i o n  as 

Experimen'tal d a t a  f o r  pu re  t i t an ium f r a c t u r e d  i n  3 M  H C 1  a t  a 
,> 

p o t e n t i a l  of 0 m v  (SCE) are compared t o  equa t ion  3.3 - 10 (using a 

va lue  of ) i n  F ig .  26. The equat ion  f i t s  over  a -3 C-' = 0.5 x 10  
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1. Experimental Data 

2. Equation 3 . 3  -10 

3. Oxide Current Density 
Equation 3 . 3  -11 for m=l 

1 2 3 4 5 

TIME (ms) 

Fig. 26 Comparison of equation 3.3 - 10 with experimental data 
for fracture of titanium in .3M HC1 at a potential of 
zero mv (SCE) 
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p o r t i o n  i n  t h e  middle of t h e  experimental  d a t a  and t h e  m i s f i t  a t  s h o r t  

and long t i m e  might be  a t t r i b u t e d  t o  t h e  s impl i fy ing  assumptions.  

A t  s h o r t  t i m e s  t h e  c u r r e n t  f o r  formation of ox ide  cannot be  

n e g l i g i b l e .  For example, equat ion  3.1 - 

i ox = 2mQoCrexp[-C-c2] 

6 r e w r i t t e n ,  

( 3 . 3  - 11) 

-4 i s  p l o t t e d  i n  Fig.  26 assuming m = 1, Q = 4 x 10 coul/cm2 and 

C = 4 x 10 (from CV4 = 0.5 x above).  Th i s  ox ide  c u r r e n t  dens i ty  

0 

6 

i s  no t  n e g l i g i b l e ,  even f o r  monolayer pa tches .  Fu r the r ,  because 

even monolayer pa t ches  consume a cons iderable  f r a c t i o n  of t h e  c u r r e n t ,  

t h e  pa t ches  cannot be many monolayers i n  th i ckness .  It may be noted 

t h a t  a f i n i t e  time w a s  r equ i r ed  t o  reach t h e  peak c u r r e n t  i n  t h i s  

experiment,  which may be  r e l a t e d  t o  t h e  r ise t o  t h e  peak oxide  c u r r e n t .  

This  rise t i m e  w a s  obscurred i n  most of t h e  runs  because of  n o i s e  a t  

less than  h a l f  a mi l l i s econd .  

The l a c k  of  f i t ' o f  t h e  equat ion  a t  about  2 mi l l i s econds  from t h e  

break  might be  a t t r i b u t e d  t o  undermining t h e  edges of t h e  pa tches  by 

t h e  h igh  c u r r e n t  d e n s i t y  co r ros ion  between them as 8 approaches u n i t y  

or  t o  t h e  onse t  of oxide f i l m  th ickening  through t h e  h igh  f i e l d  

conduction mechanism. 

From t h e  va lue  of C w e  can make a n  estimate of t h e  p e r i p h e r a l  

pa tch  cu r ren t  dens i ty .  

C Qo 
i2 = (-) - nr (3 .3  - 12)  
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6 9 -2 -4 For C = 4 x 10 , n = 10 cm (as earlier) ,  Qo = 4 x 1 0  coul/cm2 

and -8 = 5 x 1 0  , c m ,  'm 

i2 300 amp/cm2 

This  is  an  o rde r  of magnitude l a r g e r  t han  t h e  va lue  c a l c u l a t e d  a t  

-1000 m v  earlier bu t  i 2 X m i g h t  be expected t o  inc rease  wi th  anodic  

p o t e n t i a l .  
/ 

Although w e  have considered only t h r e e  r e a c t i o n s  - hydrogen i o n  

r educ t ion  ( inc lud ing  formation of hydr ide ) ,  formation of Ti+3 and 

formation of Ti0  

I n  summary, t h e  p r e s e n t  a n a l y s i s  of t h e  k i n e t i c  d a t a  f o r  r e l a t i v e l y  

- t h e  a n a l y s i s  has n o t  been s imple and unambiguous. 2 

concent ra ted  a c i d  s o l u t i o n s  sugges ts  t h e  fol lowing:  

1. 

2. 

3. 

4 .  

5.  

6 .  

Hydrogen i o n  r educ t ion  dominates as t h e  i n i t i a l  r e a c t i o n  a t  

p o t e n t i a l s  more nega t ive  than  -925 m v  (SCE). 

The hydrogen i o n  r educ t ion  is  p a r t i a l l y  suppressed by formation 

of a n  oxide f i lm .  

Formation of Ti+3 appears  t o  be  t h e  dominant i n i t i a l  r e a c t i o n  

a t  p o t e n t i a l s  more p o s i t i v e  than  -925 m v  (SCE). 

A t  p o t e n t i a l s  between -925 and -800 mv t h e  i n i t i a l  formation 

of Ti+3 is  appa ren t ly  suppressed by formation of a hydr ide  l a y e r .  

A t  p o t e n t i a l s  more p o s i t i v e  than  -800 m v  t h e  i n i t i a l  formation 

of Ti+3 i s  appa ren t ly  suppressed by formation of a n  oxide  l a y e r .  

Equat ions f o r  pa t ch  growth of oxide appear t o  f i t  t h e  k i n e t i c  

d a t a  wi th  fewer c o n t r a d i c t i o n s  than  t h e  equat ions  f o r  random 

monolayer growth. 
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It is intended to conduct further quantitative tests of the 

relationships explored in this report by conducting kinetic 

experiments in a wider range of concentrations, pH and potential. 
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4.0 CONCLUSIONS 

The fo l lowing  conclus ions  are based on t h e  work accomplished i n  

t h e  pe r iod  of J u l y  1 through September 30, 1968: 

1. It w a s  found i n  r o t a t i n g  d i s k  and r ing-d isk  experiments i n  which 

a t i t an ium d i s k  w a s  sc raped  wi th  a sapph i re  c u t t e r  i n  6 M H C 1  s o l u t i o n  

t h a t  a l a r g e  f r a c t i o n  of t h e  cu r ren t  f lowing t o  t h e  s u r f a c e  can be  

accounted f o r  by formation of Ti+3 i ons .  

2 .  Reexamination of t h e  prev ious ly  obta ined  k j n e t i c  d a t a  f o r  newly 

genera ted  s u r f a c e s  of T i :8 -1 -1  i n  12 M H C 1  and examination of new d a t a  

f o r  commercially pure  t i t an ium i n  3 M  H C 1  i n d i c a t e d  t h a t  t h e s e  d a t a  can be  

i n t e r p r e t e d  i n  a way c o n s i s t e n t  w i t h  1. 

3. Growth of t h e  p a s s i v a t i n g  oxide f i l m  can be descr ibed  by a pa tch  

growth mechanism which w i l l  be  t e s t e d  i n  f u r t h e r  experiments.  

4 .  

formation of Ti+3 appear  t o  be of a form t h a t  can r e a d i l y  be  put  i n t o  

The equa t ions  f o r  t h e  pa tch  growth mechanism w i t h  s imultaneous 

t h e  e l ec t rochemica l  MTK model f o r  stress co r ros ion  crack propagat ion.  
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5.0 FUTURE WORK 

The fo l lowing  i t e m s  of work are planned f o r  t h e  immediate 

f u t u r e  : 

1. 

2 .  

3. 

4 .  

5. 

6. 

7. 

8. 

9. 

I n v e s t i g a t e  s u s c e p t i b i l i t y  of t h e  Ti:8Mn a l l o y  over  a wider 

range of temperatures  i n  t h e  a+@ phase f i e l d .  

I n v e s t i g a t e  t h e  in f luence  of @-grain s i z e  on s u s c e p t i b i l i t y .  

Evalua te  t h e  stress c r i t e r i o n  f o r  f r a c t u r e  - on notched and 

un-notched specimens. 

I n v e s t i g a t e  t h e  in f luence  of hydrogen charging on S C C .  

E s t a b l i s h  t h e  f r a c t u r e  p lane  f o r  SCC i n  Ti:8Mn a l l o y .  

Resolve t h e  problem of c h l o r i d e  a n a l y s i s  of t i t an ium.  

Extend e l ec t rochemica l  k i n e t i c  s t u d i e s  t o  a wider range of 

h a l i d e  concen t r a t ions  and p o t e n t i a l s  and t o  o the r  a l l o y s .  

Inc lude  p a r a l l e l  s o l u b l e  t i t an ium i o n  formation i n  mass-trans- 

p o r t - k i n e t i c  model. 

Focus a t t e n t i o n  conceptua l ly  and exper imenta l ly  on events  a t  

t h e  c rack  t i p .  

I 
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1. 

2. 

3 .  

4 .  

5. 

6.  

7. 

8. 

9 .  

10. 

11. 

12. 

13. 

14. 

15 

16. 
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APPENDIX I 

Der iva t ion  of Equation f o r  I n i t i a l  Pas s iva t ing  

Current  - wi th  Random Monolayer Oxide Growth 

In  t h e  e lec t rochemica l  k i n e t i c s  experiments t h e  i n i t i a l  

c u r r e n t  is  l i m i t e d  by I R  drop i n  t h e  s o l u t i o n  (specimen t o  

Luggin c a p i l l a r y )  f o r  p o t e n t i a l s  s l i g h t l y  removed from t h e  

mixed p o t e n t i a l  because of t h e  unavoidably h igh  c u r r e n t  d e n s i t i e s  

on f r e s h l y  generated su r faces .  It i s  d e s i r a b l e  t o  be  a b l e  t o  

s e p a r a t e  on t h e  anodic  s i d e  t h e  p a r t i a l  c u r r e n t s  f o r  oxide formation 

and f o r  formation of T i  +3' An equat ion  is der ived  he re  f o r  calcu- 

l a t i n g  t h e  i n i t i a l  c u r r e n t  f o r  oxide formation from exper imenta l ly  

measured parameters .  

The t o t a l  anodic  c u r r e n t  dens i ty  is  assumed t o  be  t h e  sum of 

+3 t h e  c u r r e n t  f o r  oxide formation and t h e  c u r r e n t  f o r  T i  

ia = iox + 1+ (1 - 1) 

Each r e a c t i o n  is assumed t o  occur  i n i t i a l l y  only  on t h e  b a r e  

s u r f a c e  so t h a t  

and 

where i i s  t h e  exchange c u r r e n t  d e n s i t y ,  e i s  the  coverage, 

A = E is  t h e  p o t e n t i a l  a t  t h e  e l e c t r o d e  s u r f a c e  and E is  

0 

e 
RT 
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the equilibrium potential for the reaction. 

the electrode surface is assumed to be 

The potential at 

E = - iaK 
- 

where E is the potential applied by the potentiostate and 

is an effective electrolyte resistance between specimen and the 

Luggin capillary, determined by electrolyte resistivity and the 

geometry of the system. The value of can be determined 

approximately from the slope of the potential, EA, versus peak 

initial current density for potentials far removed from the 

mixed potential. 

across the newly generated surface will, of necessity, be 

neglected. 

R A 

The effect of nonuniform current distribution 

The coverage will be defined by 

i ox d.c d0 = 
Qo 

Where Qo is the charge density of a monolayer of oxide. 

initial condition is that 0 = 0 at T = 0. 

The 

Equation 1-4 may be substituted into Equations 1-2 and 1-3 

and the resulting equations differentiated in respect to the i 
1. 

and 6 terms. The diox and di+ terms can be eliminated.by 

dia = diox + di+, the' 8 
condition, the d0 terms can be eliminated by substitution of 

term can be'eliminated by the initial 

(1-4) 

(1-5) 

Equation 1-5, and the exponential terms eliminated by i = i 

exp [A(EA-E -i R)] 
1 0  - e where the subscript 1, denotes the initial a1 

current giving 
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Making the assumption that A = A = A and rearranging gives ox + 

which is the desired relationship. All quantities on the right 
- 

can be determined from measurements or estimated, i.e., R, ial 

and di are experimentally determined and A = 19.5 volts-' (2) 
T=O -4 for 

a monolayer of oxide on the basal plane of a-titanium. 

a = 0.5 and n = 1 at 25"C, and Qo = 4 x 10 coul/cm2 for 



76 

APPENDIX II 

Deriva t ion  of Equation f o r  Anodic Current  

f o r  Patch Growth of Oxide 

The f a i l u r e  of t h e  random monolayer oxide  growth model developed 

i n  Appendix I t o  f i t  t h e  anodic  k i n e t i c s  d a t a  i n  a c o n s i s t e n t  way 

prompted an i n v e s t i g a t i o n  of t h e  pa tch  growth model. Two s impl i fy ing  

assumptions w e r e  made i n  o rde r  t o  make t h e  t rea tment  manageable. It 

i s  assumed t h a t  throughout t h e  pe r iod  of growth of t h e  pas s iva t ing  

l a y e r  t h a t  most of t h e  c u r r e n t  goes t o  form s o l u b l e  T i  , i .e . ,  +3 

i > i  + ox 

and 

+ i z i  a 

(I1 - 1) 

The second assumption is  t h a t  n and i i n  equat ion  3 . 1  - 5 are 

cons tan t ,  independent of t i m e  o r  p o t e n t i a l ,  s o  t h a t  

2 

The cu r ren t  d e n s i t y  f o r  formation Ti+3 is 

(I1 - 2) 

(I1 - 3) 
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where 

E = E  - i E  (I1 - 4 )  A A  

combining equat ions  I1 - 1, I1 - 2, I1 2 3, and I1 - 4 g ives  

i = i  exp [ - c T ~ I  exp [A+(E~-E: - i (I1 - 5 )  a +O a 

This  equat ion  may be  solved e x p l i c i t l y  f o r  T 

T = cm4 [ A + ( E ~ - E ~ )  - AP ia - 2.30 log  (?)I' i 

+O 
(11 - 6) 

Equation 11-6 g ives  a r e l a t i o n  between c u r r e n t  dens i ty  and t i m e  conta in ing  

only one a d j u s t a b l e  parameter;  C. The va lues  of and i+o can 

be determined from d a t a  on t h e  peak c u r r e n t  a t  T = 0. 
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APPENDIX I11 

E l e c t r o l y t e  P o t e n t i a l  Drop f o r  Current  Flowing 

t o  Patches on a Sur face  

It w a s  no ted  i n  t h e  t e x t  t h a t  i n i t i a l  anodic  c u r r e n t  t o  Ti:8-1-1 

specimens r e s u l t e d  i n  an  apparent  h igher  ohmic r e s i s t a n c e  than  i n i t i a l  

anodic  cu r ren t  t o  commercially pure  t i t an ium i n  a c i d  s o l u t i o n s .  It 

w a s  proposed t h a t  t h e  h ighe r  ohmic r e s i s t a n c e  could be  due t o  r e a c t i o n  

on pa tches  of s u r f a c e  t h a t  comprise a f r a c t i o n  of t h e  su r face .  An 

equat ion  i s  der ived  he re  t o  test t h e  f e a s i b i l i t y  of t h i s  hypothesis .  

Consider t h a t  t h e  active pa tches  are c i r c u l a r  i n  area and uniformly 

d i s t r i b u t e d  on t h e  s u r f a c e  i n  a hexagonal a r r a y .  The f r a c t i o n  of 

a c t i v e  area is  t h e r e f o r e  

f = nm-2 (I11 - 1) 

where 

The d i s t a n c e  between c e n t e r s  of pa tches  can be der ived  from t h e  

geometry, 

n = number of patches/cm2 and r = mean rad ius  of pa tches .  
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g iv ing  

o r  

r2 = (zfr r (I11 - 3) 

Consider now t h a t  t h e  pa tches  w i l l  be rep laced  by hemispheres of 

t h e  same rad ius  

and t h a t  hemispher ica l  conduction occurs  i n  t h e  e l e c t r o l y t e  between 

r and r 

cons t an t  r e s i s t i v i t y ,  p , is 

The r e s i s t a n c e  of each  hemisphere of e l e c t r o l y t e ,  assuming 2 .  

(I11 - 4 )  

The p o t e n t i a l  drop i n  a hemisphere is  
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AE = I R  = (4-) [$ (: - 
*2 

(I11 - 5) 

where I = c u r r e n t  t o  hemisphere and i = mean c u r r e n t  d e n s i t y  f o r  

whole s u r f a c e .  E l imina t ing  r and r 2  by equat ions  111-1 and 111-3 

g i v e s  4 

or 

1 A E =  - 

li] .(I11 - 6 )  

Assuming : p x 1.1 ohm cm (12M HC1) 

f = 0.2 from a n a l y s i s  of i n i t i a l  c u r r e n t  

n = [(1/25) x 10-4]2 f o r  2511 g r a i n s  i n  Ti:8-1-1 
- 

g ives  R M ohm cm2 . 
This  r e s i s t a n c e  i s  too  s m a l l  compared t o  t h e  d i f f e r e n c e  between 

t h e  r e s i s t a n c e  observed f o r  Ti :8-1-1  and T i  (R = 0.68 - 0.24 = 

0.44 ohin em2) t o  e x p l a i n  t h e  d i f f e r e n c e .  

d i f  


